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Synergistic Insertion of Antimicrobial Peptides into Membranes
Erik Strandberg, Parvesh Wadhwani, Jonathan Zerweck, Diana Horn,
Gu¨nther Pritz, Anne S. Ulrich.
Karlsruhe Institute of Technology, Karlsruhe, Germany.
The antimicrobial peptides (AMPs) PGLa and magainin 2 (MAG2) found in the
skin of the African frog Xenopus laevis show a synergistic enhancement of their
activity [1]. Both peptides form amphipathic a-helices when binding to a lipid
membrane, and their orientation in membranes have been determined with high
accuracy using solid state 2H-, 15N-, and 19F-NMR.
We have previously shown that PGLa inserts into DMPC/DMPG bilayers in the
presence of an equimolar amount of MAG2, but not on its own, even at high
concentrations [2]. This indicates formation of stable heterodimeric peptide
pores, which in turn can explain the synergism between the peptides. Here,
we show that MAG2, both with and without PGLa, always stays almost flat
on the membrane surface; however, there is a small change in the orientation
in the presence of PGLa, and dynamics is reduced, indicating that a PGLa-
MAG2 complex is formed. In POPC/POPG, both peptides stay flat on the
membrane surface, alone or combined. This is in agreement with our previous
finding that the AMP MSI-103 always stays flat on the surface in unsaturated
lipids (or more generally in lipid systems with negative spontaneous curvature),
but can insert deeper into the membrane in saturated lipids (where the sponta-
neous curvature is positive) [3].
References: [1] E Strandberg, P Tremouilhac, P Wadhwani, AS Ulrich (2009).
Biochim Biophys Acta 1788, 1667-1679. [2] P Tremouilhac, E Strandberg,
P Wadhwani, AS Ulrich (2006). J Biol Chem, 281, 32089-32094. [3] E Strand-
berg, D Tiltak, S Ehni, P Wadhwani, and AS Ulrich (2011). Biophys J 100,
Suppl, 351a-351a.
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Effect of Lipid Bilayer Composition on theMembrane-Binding Ability and
Depth of Insertion of Antimicrobial Piscidin 1: A Solid-State Deuterium
NMR Study
Akritee Shrestha, Myriam Cotten.
Hamilton College, Clinton, NY, USA.
Piscidins constitute a family of amphipathic, cationic, antimicrobial peptides
(AMPs) found in the skin, gills and gastrointestinal tracts of hybrid striped
bass. Unstructured in water, they become alpha-helical in the presence of phos-
pholipids. It is believed that their ability to disrupt phospholipid bilayers is re-
lated to their antimicrobial effects on yeasts and bacteria. Interestingly, the
minimum inhibitory concentrations of piscidin tend to be higher for yeasts
than most bacteria. Here, we used Circular Dichroism (CD) and deuterium
solid-state Nuclear Magnetic Resonance (ssNMR) to investigate the
membrane-binding ability and depth of insertion of piscidin 1 in different mem-
brane mimetic systems. Aligned lipid bilayer preparations were made using 3:1
POPC/POPG-d31 (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine/palmi-
toyl-2-oleoyl-sn-glycero-3-phosphoglycerol-d31) and 3:1 POPC/POPS-d31
(1-palmitoyl 2-oleoyl phosphatidylserine-d31) to mimic bacterial and yeast
cell membranes, respectively. To test the effects of ergosterol, a sterol found
in yeasts, we added 20% ergosterol (molar ratio) to the lipid mixtures. We hy-
pothesized that both PS and ergosterol would reduce the ability of piscidin to
bind and disrupt bilayers.
Deuterium quadrupolar splittings, which were obtained for deuterons in the
methylene and terminal methyl groups of the phospholipid acyl chains, were
used to assess the disordering effect of piscidin on the acyl chains. Our results
suggest that the type of anionic lipid component (e.g., PG versus PS) does not
affect acyl chain disordering by piscidin while ergosterol appears to decrease its
disordering effect. The data also give evidence that membrane-bound piscidin
is located close to the phospholipid headgroups. Overall, these studies help us
gain some insight into specific physicochemical features of lipid membranes
that affect piscidin-lipid interactions. The implications in terms of piscidin’s
mode of action will be discussed.
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Determining the Structures and Dynamics of Antimicrobial Piscidins 1 and
3 Bound to Cholesterol-Containing Lipid Membranes using Solid-State
NMR Techniques
Alexander E. Dao, Leah S. Cairns, Robert M. Hayden, Myriam L. Cotten.
Hamilton College, Clinton, NY, USA.
Isolated in the mast cells of hybrid-striped sea bass, piscidin 1 (p1) and piscidin
3 (p3) are antimicrobial, cationic, and amphipathic peptides that have demon-
strated broad-spectrum activity against bacteria, and virally infected cells. Bothp1 and p3 adopt an alpha-helical structure when bound to phospholipid mem-
branes. Interestingly, p1 is the more active of the two isoforms, exhibiting
higher lytic activity on different bacterial strains, as well as erythrocytes.
This research uses solid-state NMR to investigate the differences in structure
and dynamics of p1 and p3 bound to different lipid bilayers of biological
relevance.
Our current study aims at elucidating both the structure and dynamics of p1 and
p3 in mammalian mimetic membranes containing cholesterol. Here, we use 4:1
palmitoyl-oleoyl-phosphatidylcholine (POPC):cholesterol (CHL) at a pH of
7.4, to closely mimic the composition of human erythrocytes at physiological
pH. Oriented bilayer samples were prepared with 1:30 peptide:lipid and were
analyzed using high-resolution solid-state NMR that yielded an 15N-1H dipo-
lar coupling as well as 15N and 1H chemical shifts for the amide NH bond of
each residue. Together, these data can be used to compute high-resolution
atomic structures of the two isoforms when bound to the surface of the bilayer.
Dynamics of p1 and p3 have also been investigated using one-dimensional 15N
solid-state NMR. Differences in structure and dynamics for p1 and p3 when
they are bound to mammalian and bacterial lipid systems provide the basis
for identifying structural moieties of the peptides that are directly related to
their respective activities. Enhancing our understanding of how these peptides
interact with different lipid systems will aid in the design of novel antibiotic
pharmaceuticals that exhibit low hemolytic effects, while maximizing inhibi-
tory activity on bacteria.
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Microbial Lipid Membrane Mimics Using Solid-State NMR
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Piscidins 1 and 3 are twenty-two-residue-long amphipathic, cationic, antimi-
crobial peptides that have been isolated from hybrid striped bass. Since
pathogens are becoming increasingly resistant to traditional antibiotics, antimi-
crobial peptides such as piscidin may prove to be useful in the future due to
their broad-spectrum of activity against microbes and low induction of bacterial
resistance. While membrane-active and fast-acting piscidins 1 and 3 have been
shown to bind and disrupt bacterial lipid membrane mimics, their mode of ac-
tion against microbes such as bacteria and yeasts is not known.
In earlier studies, we used solid-state NMR to determine the three-dimensional
atomic-resolution structures of piscidin 1 and piscidin 3 in aligned bilayers con-
sisting of 3:1 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and 1,2-
dimyristoyl-sn-glycero-3-phospho-rac-glycerol (DMPG). Here, the specific
aim has been to solve the structures of these peptides in 1:1 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE) to 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphoglycerol (POPG) so that we could compare and contrast
these structures with those in 3:1 DMPC/DMPG, a lipid system that has lower
anionic content and does not exhibit the negative intrinsic membrane curvature
of bacterial membranes. We have collected two-dimensional solid-state NMR
spectra on 15N-backbone labeled piscidins in the presence of aligned 1:1
POPE/POPG bilayers. 15N chemical shifts and 15N-1H dipolar couplings
have been combined to obtain the topological orientation of the peptides and
calculate their atomic level backbone structures in the membrane-bound state.
The data indicate that the carboxyl- and amino-ends of the peptides are affected
differently by the changes in lipid composition. We will discuss the implica-
tions in terms of structural features and peptide-lipid interactions that may be
important for piscidin’s mode of action. Overall, these studies performed using
native-like conditions provide us with a better understanding of structure-
function relationships in piscidins and related antimicrobial peptides.
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Esculentin-1b(1-18): An Interesting Frog-Skin Peptide with Antimicrobial
Properties. A First NMR Investigation on its Behavior and Folding
Propensity in Membrane Mimicking Environments
Giorgia Manzo1, Andrea C. Rinaldi1, Maria L. Mangoni2, Mariano Casu1,
Mariano A. Scorciapino1.
1University of Cagliari, Monserrato, Italy, 2University of Rome
‘‘La Sapienza’’, Rome, Italy.
Antimicrobial peptides (AMPs) are found in almost all organisms as part of the
immune system. Despite sequence variability, they are usually positively
charged and fold in an amphipathic structure upon interaction with biologic
membranes. Esculentin-1b is an interesting 46-mer peptide isolated from the
skin of Rana esculenta, which shows an outstanding antimicrobial activity.
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ble for the activity of the whole peptide, with a negligible toxicity towards eu-
karyotic cells, thus representing an excellent canditate for future applications. It
is expected, like most of the known AMPs, to target the bacterial plasma-
membrane but its 3D-structure and detailed mode of action are still unknown.
Before an in-depth investigation on peptide/membranes interactions could be
undertaken, it is necessary to characterize its folding propensity in solution,
in order to understand what is intrinsically due to the peptide sequence and
what is actually driven by the membrane interaction. In this scenario, the pres-
ent study represents the first structural investigation on Esculentin-1b(1-18).
Liquid state NMR was employed to determine the peptide structure, moving
from water to increasing amounts of trifluorethanol. NMR parameters have
been used as restraints during structure determination through a simulated an-
nealing procedure. The results showed that Esculentin-1b(1-18) has a clear ten-
dency to fold in a helical conformation with increasing the environment
hydrophobicity, confirming circular dichroism data. Interestingly, the helix is
formed only for residues ranging from 3 to 11, while it appears to be unstruc-
tured in the rest of the peptide. Nevertheless, the whole conformation was
found to be amphipathic with a 3-mer hydrophobic cluster right in the middle
of the unstructured segment, which might act as an anchoring tail upon mem-
brane binding.
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Membrane Disruption by Antimicrobial Peptide Protegrin-1 is Tuned by
Incorporation of Cholesterol and Phosphoethanolamine Lipids
J. Michael Henderson1, Eddie Maldonado2, Robert Lehrer3,
Alan J. Waring3,4, Ka Yee C. Lee1.
1University of Chicago, Chicago, IL, USA, 2University of Northern Iowa,
Cedar Falls, IA, USA, 3University of California Los Angeles, Los Angeles,
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Antimicrobial peptides (AMPs) are a class of small (less than 100 amino acid
residues) host defense peptides that induce selective membrane lytic activity
against microbial pathogens. To understand the mechanism of membrane dis-
ruption by AMPs, we investigated, via atomic force microscopy, topological
changes induced by protegrin-1 (PG-1), an 18-residue, cationic, b-sheet
AMP isolated from pig leukocytes, in supported phospholipid bilayers
(SPBs). Lipid mixtures of dioleoylphosphatidylserine (DOPS), dioleoylphos-
phatidylcholine (DOPC), and cholesterol were used to mimic eukaryotic cell
membranes while bacterial cell membranes were emulated by substitution of
cholesterol for dioleoylphosphatidylethanolamine (DOPE). We have previ-
ously shown that AMP disruption of zwitterionic dimyristoylphosphatidylcho-
line (DMPC) SPBs induce concentration dependent structural transformations
that progress from fingerlike instabilities at bilayer edges, to the formation of
sievelike nanoporous structures, and finally to a network of wormlike micellar
structures. The observed transformations suggest that the peptides act to lower
the interfacial energy of the bilayer in a manner similar to detergents. Detergent
solubilization of membranes encompass processes such as pore formation,
blebbing, budding, and vesiculation that share common saddle-splay (‘‘nega-
tive Gaussian’’) curved topologies. We pose that membranes rich in negative
curvature lipids such as those with phosphoethanolamine (PE) headgroups en-
hance the efficacy of AMP disruption while those membranes containing cho-
lesterol retard disruption. Results have shown that cholesterol incorporation
shifts the disruption susceptibility of a bilayer to a higher peptide dosage re-
gime while an opposite effect is observed in the presence of PE. The observed
trend sheds light on a lingering debate as to how nature has evolved AMPs to
discriminate between host and pathogen.
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Effect of Head Group and Curvature on Binding of the Antimicrobial
Peptide Tritrpticin to Lipid Membranes
Shirley Schreier1, Clovis R. Nakaie2, Marcelo R.S. Pinto2,
Jose´ Carlos Bozelli, Jr1.
1Institute of Chemistry, University of Sa˜o Paulo, Sa˜o Paulo, Brazil,
2Federal University of Sa˜o Paulo, Sa˜o Paulo, Brazil.
In this work we examine the interaction between the 13-residue cationic anti-
microbial peptide (AMP) tritrpticin (VRRFPWWWPFLRR, TRP3) and model
membranes of variable lipid composition. The effect on peptide conformational
properties was investigated by means of CD (circular dichroism) and fluores-
cence spectroscopies. Based on the hypothesis that the antibiotic acts through
a mechanism involving toroidal pore formation, and taking into account that
models of toroidal pores imply the formation of positive curvature, we used
large unilamellar vesicles (LUV) to mimic the initial step of peptide-lipid inter-
action, when the peptide binds to the bilayer membrane, and micelles to mimic
the topology of the pore itself, since these aggregates display positive curva-ture. In order to more faithfully assess the role of curvature, micelles were pre-
pared with lysophospholipids containing (qualitatively and quantitatively) head
groups identical to those of bilayer phospholipids. CD and fluorescence spectra
showed that, while TRP3 binds to bilayers only when they carry negatively
charged phospholipids, binding to micelles occurs irrespective of surface
charge, indicating that electrostatic interactions play a less predominant role
in the latter case. Moreover, the conformations acquired by the peptide were
independent of lipid composition in both bilayers and micelles. However, the
conformations were different in bilayers and in micelles, suggesting that curva-
ture has an influence on the secondary structure acquired by the peptide. Fluo-
rescence data pointed to an interfacial location of TRP3 in both types of
aggregates. Nevertheless, experiments with a water soluble fluorescence
quencher suggested that the tryptophan residues are more accessible to the
quencher in micelles than in bilayers. Thus, we propose that bilayers and mi-
celles can be used as models for the two steps of toroidal pore formation.
Financial support: FAPESP, CNPq
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Impact of Aminoacylated Phospholipids on the Interactions of Antimicro-
bial Peptides with Phospholipid Vesicles
Antje Pokorny, Elizabeth Cox, Sarah Pagentine, Kretschmer Olivia.
Univ. North Carolina Wilmington, Wilmington, NC, USA.
Aminoacylated phosphatidylglycerols (PG) are common lipids in the cytoplas-
mic membranes of Gram-positive bacteria. Their presence in staphylococcal
membranes has been linked to increased resistance to a number of antibacterial
agents, including antimicrobial peptides. Most commonly, the PG headgroup is
esterified to lysine, which converts anionic PG into a cationic lipid with a con-
siderably increased headgroup size. In the present work, we investigated the in-
teractions of two well-studied antimicrobial peptides, cecropin A and
mastoparan X, with lipid vesicles composed of 1-palmitoyl-2-oleoyl-sn-glyc-
ero-3-phosphocholine (POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoglycerol (POPG), containing varying fractions of an aminoacylated
phosphatidylethanolamine (PE), a stable analog of the corresponding PG-
derivative. To differentiate between the effects of headgroup charge and size
on peptide-lipid interactions, we synthesized two different derivatives. In
one, the headgroup was modified by the addition of lysine, and in the other,
by glutamine. The modification by glutamine results in a phospholipid with
a headgroup size comparable to that of lysylated version. However, whereas
lysyl-PE is cationic, glutamyl-PE is zwitterionic. We found that as long as
the concentration of aminoacylated PEs did not exceed ~30 mol%, binding
of either peptide was not significantly altered. These observations are under-
stood through the interplay between lipid charge and headgroup size and their
effect on membrane binding and peptide-induced release of content from lipid
vesicles.
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Effect of Electrostatic Interactions on the Membrane Interactions of
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A wide variety of organisms produce antimicrobial peptides as part of their first
line of defense. These short cationic peptides are being considered as a new
generation of antibiotics and represent great hopes against multiresistant bacte-
ria which are an important clinical problem. Despite their diversity, antimicro-
bial peptides generally share common characteristics such as a short length of
amino acids, a positive charge and an amphiphilic character. Also, it is impor-
tant to note that the main target of antimicrobial peptides is the membrane(s) of
pathogens. We have previously shown that a non-natural peptide composed of
14 residues (10 leucines and 4 phenylalanines modified with a crown ether) has
a helical secondary structure, and is able to disrupt lipid bilayers but is not se-
lective towards bacterial membranes. To gain specificity against negatively
charged membranes, several leucines of this 14-mer have been substituted by
positively charged residues (lysine, arginine, histidine). In addition, we have
compared the results with those obtained with peptides substituted with nega-
tively charged residues. Solid-state NMR experiments performed in model
membranes and lipids oriented between glass plates were used to better char-
acterize the mode of action of the charged peptides. In addition, It has been pos-
sible to determine the orientation of the charged peptides relative to the bilayer
normal by using attenuated total reflection spectroscopy. Complementary
results have also been obtained by infrared and fluorescence spectroscopy.
